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Wave energy converter with enhanced amplitude response at frequencies coinciding with Swedish west coast sea states by use of a supplementary submerged body
I. INTRODUCTION
The untamed energy of the ocean waves contains power on the order of terawatts, with the same order of magnitude as the world electricity demands. 1 Therefore, engineers have strived for a cost effective technology to convert the wave energy for human utilization. 2 The concept of a point absorber converting the heaving motions of waves to electric energy has been one of the main concepts that have been investigated since the research begun. [3] [4] [5] It is well understood that a point absorber in resonance with the incident wave will achieve increased amplitude and speed and thereby transfer more energy than a system working off resonance. 5, 6 Coasts facing the oceans are naturally the most attractive for wave energy conversion, coasts where the dominating sea state has wave periods of T e Ͼ 5 s. 7 It is therefore desirable to have a wave energy converter ͑WEC͒ system tuned to have a natural period of oscillation that coincide with sea state at the site. Methods to force the system into resonance via active control were proposed by Budal and Salter independently in the mid-1970s. Budal later proposed the method to latch the point absorber at fixed positions and thereby achieve approximate phase control. 8 Instead of an active control system, another strategy would be to somehow engineer the frequency response of the point absorber so as to have maximal wave interference with the dominant sea states at the chosen location. In addition, it may be desirable to keep the power capture ratio at low levels at extreme sea states that may arise during storms, to reduce the maximum loads on the system. One way of shifting the frequency response of the system is by increasing the inertia of the moving parts. This have led to the idea of a system of two objects, a semisubmerged object at the surface extracting energy, while the lower submerged object adds the desired inertia. 9, 10 Laboratory experiments with adjustable inertia have shown to give a 60% power capture ratio in irregular waves. 3 The experiment was scaled to correspond to a measured spectra with significant wave heights of H s 1.0-1.5, average wave periods of T z 3.5-4.5 m, and a buoy with 5 m diameter.
The WEC concept named the Lysekil project that is being developed at Uppsala University is a direct-driven linear generator connected to a semisubmerged cylinder. 11 A fullscale experimental prototype has been installed off the Swedish west coast. It has delivered power since 2006 and the results of earlier simulations have been confirmed. 4, [12] [13] [14] During the first period of offshore operation, a 1.5 m radius cylindrical buoy was used and absorbed power was measured over linear resistive loads with adjustable load values of 12.7, 8.53, and 5.23 kN s/m. This generator/buoy configuration achieved for the 12.7 kN s/m load a maximum 30 min averaged power capture ratio of 24%, excluding iron and mechanical losses, for energy periods around 4.5 s and a significant wave height of approximately 1.2 m. 15 This paper describes a WEC system of two objects connected to a linear damper, which in this case simulates the direct-driven linear generator ͑see Fig. 1͒ . The first object is a semisubmerged cylinder, exposed to the wave energy. The second one, the sphere, will act as an additional mass submerged well below the motions of the ocean waves. Waverider™ wave measurement buoy at the research test site. This model has been developed with the Lysekil project concept in mind with the main objective to compare the power production for a two body system ͑Tb-s͒ tuned to have an enhanced amplitude response at frequencies coinciding with the dominating sea state at the Swedish west coast, to the present system with a single semisubmerged cylinder.
II. THEORY
As the wave interacting part of a point absorber in this case, we consider a semisubmerged cylinder with radius a c and draft d. The connection between the semisubmerged cylinder and the linear generator is modeled as a stiff rod. Thus, we restrict the buoy motion from six degrees of freedom to heave only. The generator is modeled as a linear damper; i.e., the force is directly proportional to the velocity of the translator. The constant of proportionality is the load damping coefficient ␥. The approach of a linear damper further assumes that the active length of the translator/stator is much longer than the stroke length of the translator; i.e., the damping is 100% active during the stroke length. A spring with a spring constant k s is attached to the translator acting as a restoring force. Between the cylinder and generator, there is a sphere of neutral buoyancy with radius a s . The submerged sphere is modeled as being entirely below the motion of the waves.
Potential linear wave theory has previously been used to describe a point absorber working in heave only 6, 16 and the limitations of linear theory for this application has also been studied experimentally. 17 Following this, the hydrodynamic force acting on the cylinder is described by
where F e is the force describing the excitation problem, F r is the force associated with the radiation problem, and F h is the hydrostatic stiffness. For a system with a buoy coupled to a linear damper with a spring acting as a restoring force, the relation between the amplitude of the incoming wave and the buoy position can be described by
where
͑3͒
Here Ĥ is a transfer function describing the relation between the amplitude of the incoming undisturbed wave and the buoy position ẑ. The hydrodynamic parameters added mass m ac , radiation resistance R, and the excitation force f e are calculated using a BEM code. 18 The absolute value of Ĥ is plotted for the two different cases as a function of , see One of the dominating factors affecting the resonance frequency for this system subjected to ocean waves is the buoy radius, both directly, see Eq. ͑4͒, and indirectly since the added mass m ac depends on the buoy radius. 19 The dominating sea state at the Swedish west coast has an energy period T e between 4 and 7 s. 20 Earlier simulations show that for a damped oscillating system in heave with fixed mass for the moving parts, the natural period of oscillation in heave will not coincide with a characteristic wave spectrum of the FIG. 1. A conceptual sketch of the Tb-s. Here a c is the radius of the semisubmerged cylinder, d is the draft, m ac is the added mass for the cylinder, a s is the radius of the submerged sphere, m is the total mass of the cylinder, sphere, and translator for each radius of the sphere, and m as is the added mass for the sphere. ␥ is the damping coefficient from the generator and k s is the spring constant. The figure is not to scale. Swedish west cost as long as the radius of the buoy are kept within a reasonable size, in this case 1-5 m radius. 19 Furthermore, for an array of cylindrical buoys restricted to a finite area, a radius of about 3 m have been shown to give optimum annual power, for a sea state with an energy period of 7-8 s. 21 One way to decrease the frequency for optimum amplitude response is to increase the mass of the moving parts, see Eq. ͑4͒. By increasing the mass of the moving parts, the draft of the buoy inevitably increases. Since the energy density in the waves decreases rapidly with depth, it leads to a decrease in power capture ratio. Earlier simulations also show that the draft/radius ratio should be kept at a minimum. 21 Regarding the spring constant k s , it has to be dimensioned in accordance with the hydrostatic lift force in order to keep a pretension in the rope. By connecting the semisubmerged cylinder to an extra object with neutral buoyancy placed below the wave motion, one can take advantage of its inertia due to the object's added mass and own physical mass. The desired draft for the semisubmerged cylinder can be held since the extra object has neutral buoyancy. The combined system's increased inertia gives a decrease in frequency for optimum amplitude response, see Eq. ͑4͒. Since waves need a density interface to propagate, there will be no losses due to radiation resistance and that together with its neutral buoyancy makes the submerged object's only contribution an increased inertia in the system when accelerating.
As the submerged object, any shape could be chosen. A disk with the same radius as the sphere has a somewhat higher added mass. 22 The disk also has the benefit of being flat, thereby occupying less space. However, a greater energy loss due to viscous dissipation may be expected due to the sharp edges of the disk. This is the reason for choosing the smooth sphere at this stage. The added mass for a sphere in a continuous medium with no boundaries can be written as The impulse response function H͑t͒ is found by applying the inverse Fourier transform to the transfer function Ĥ ͑͒. The average power P absorbed by the buoy is found by taking the time average according to
where T is the time interval under consideration. The power capture ratio is defined as the absorbed average power P divided by the incident power across the cross section of the buoy.
where the incident energy flux J is given by
Here T e is the energy period, H s is the significant wave height, is the density of sea water, and g is the acceleration of gravity. In Eq. ͑9͒, the deep water approximation are used, which is a reasonable approximation when the water depth H is much larger than the wavelength or H Ͼ 0.28. 23 Calculated values of P ratio for 30 min time series of wave elevation as a function of the load damping coefficient are presented in Fig. 3 . P ratio at optimum damping for 34 different time series of measured sea states are presented in Fig. 4 . Table I . With Tb-s; it means; Two Body System. The lines are made as a guide for the eye.
III. SEA STATE
The prevailing south westerly winds at the Swedish west coast give rise to an average energy flux of 5.2 kW/m in offshore Skagerrak. When moving closer to shore, the energy flux decreases and at the research test site of Islandsberg it is measured to be 2.6 kW/m. A closer look reveals that most of the energy is found within energy periods of 4-7 s. 15, 20 A Waverider™ wave measurement buoy that is located 50 m from the WEC continuously measures the sea state at the research test site. Table I .
IV. RESULTS
The transfer function Ĥ relating the wave elevation and buoy position yields the dynamic response of the buoy to the wave motion, see Fig. 2 . Increased amplitude of the buoy motion is desired since it gives higher power levels, see Eq. ͑7͒. The draft d = 0.3 m and the spring constant k s =3 kN/ m are kept constant throughout the calculations.
The solid line in Fig. 2 shows the absolute value of the transfer function Ĥ for a cylinder of 3 m radius. The load damping coefficient ␥ strongly affects the magnitude of the peak response but has only a slight influence on the peak response frequency. For this reason, the load damping coefficient is held fixed at 60 kN s/m. The frequency for optimum amplitude response for the TB-s decreases with increasing radius of the sphere, see Fig. 2 . It is desirable for efficient wave energy conversion to have a high hydrodynamic efficiency in a wide range of wave periods; this criterion is met for the Tb-s, as can be seen in Fig. 2 . A Tb-s with a 3 m radius sphere has a maximum amplitude response at 5.2 s, which coincides with the sea state of the Swedish west coast.
The power capture ratio for a cylinder with 3 m radius is about 32% for an optimum damping coefficient ␥ of about 160 kN s/m. With an extra object added to the system, the power capture ratio can be increased to 60%, with a decreased optimum damping coefficient of 60 kN s/m, as shown in Fig. 3 .
The Tb-s with a 3 m radius sphere is tuned to have a maximum amplitude response at 5.2 s, which is somewhat higher than the peak in power capture ratio for the Tb-s at 4.5 s, see Fig. 4 . The 4 m radius sphere differs from the 3 m radius sphere by having a rather flat conversion maximum between 5 and 7 s. It can be seen in Fig. 4 that the sharper peak in amplitude response due to the increased radius of the sphere, see Fig. 2 , has effects on the power capture ratio. The power capture ratio for the 4 m radius sphere is much more scattered than for the 3 m radius sphere and even more if compared to the single cylinder. The power capture ratio decreases with increasing energy periods for the 3 m radius sphere. This is a desired pattern since it reduces power fluctuations and the mechanical loads on the generator end stop. The single cylinder has no clear peak in the amplitude response ͑see Fig. 2͒ , and thereby has no sharp increase in power production, but has a flat energy conversion maximum at around 4.5 s. The difference in power capture ratio between the two cases is consistent through all sea states, pointing out the importance of the system to have a wide spectrum for enhanced amplitude response, see Fig. 4 .
V. DISCUSSION
A key issue for wave energy conversion is to keep the system as simple as possible in order to keep the maintenance cost to a minimum, and this has always been the motto for the Lysekil project. To achieve this, it is important to have as few moving parts as possible. A passive system with an optimized amplitude response has the benefit of few moving parts as compared to a system tuned to optimized wave interference via active control. Enhanced amplitude response in the system leads to increased amplitude and speed for the translator movement. The latter can be seen in Fig. 3 ; the Tb-s has a lower damping coefficient at optimum energy conversion due to the higher speed. Since the converted energy is proportional to the damping coefficient times the speed squared, this leads to the possibility to have smaller units and still keep the same nominal power. Enhanced amplitude response leads to a narrow resonance band width which is in conflict with the desire to have a wide resonance band width for the system to correspond to the wide spectrum of ocean waves. For example, the distinct peak in amplitude response for the Tb-s with 4 m sphere makes the response more sensitive to the shape of the spectrum and does not lead to a higher overall efficiency. This points out that it is desirable to find a good compromise between a distinct and wide band width for the peak in amplitude response. The increased amplitude and speed will set some increased demands on the generator design. The active length of the translator/stator probably has to be increased, and there is a risk of higher mechanical loads on the generator end stop.
At this stage, viscous damping has been excluded from the calculations. This could lead to predictions of a higher amplitude response at optimum wave interference. The viscous damping may be expected to be larger for the Tb-s than for the single component system due to the increased wetted surface. However, there are indications that in a heavily damped system, the viscous damping is substantially less significant than external damping. 25 This is expected to be true for this system since the load damping coefficient is approximately 60 kN s/m.
The differences in power capture ratio between different sea states with the same energy period are greater for the Tb-s, as can be seen in Fig. 4 . This can be attributed to the difference in the shape of the spectrum of the sea state. The spectrum of ocean waves is broader than a created spectrum of a fully developed sea and a system with a distinct increase in amplitude response is more sensitive to the shape of the spectrum.
VI. CONCLUSIONS
A theoretical model for a Tb-s tuned to Swedish west coast wave climate has been developed. The power capture ratio for the Tb-s can be increased from 30% to 60% at optimum load, compared to a conventional point absorber with one semisubmerged cylinder. The decrease in optimum load damping coefficient from 150 to 60 kN s/m opens up the possibility for constructing smaller units with the same nominal power. By changing the radius of the submerged object, the frequency for optimum amplitude response can be tuned to the actual sea state at the site. Further experimental investigation needs to be done regarding the viscous damping from the submerged body; this could also lead to a better insight when choosing the shape of the submerged body. The increased energy conversion could lead to even greater impact on the WEC during extreme forces. The latter is an issue that needs further investigation and even more so in this case with a Tb-s.
